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Effect of two active compounds obtained from
the essential oil of Cordia verbenacea on the
acute inflammatory responses elicited by LPS
in the rat paw
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Background and purpose: a-Humulene and trans-caryophyllene are sesquiterpene compounds identified in the essential oil of
Cordia verbenacea which display topical and systemic anti-inflammatory effects in different experimental models. However, the
molecular mechanisms through which they exert their anti-inflammatory activity still remain unclear. Here, we evaluate
the effects of a-humulene and trans-caryophyllene on the acute inflammatory responses elicited by LPS.

Experimental approach: The biological activities of o-humulene and trans-caryophyllene were investigated in a model of
acute inflammation in rat paw, induced by LPS and characterized by paw oedema, neutrophil recruitment, cytokine
production, activation of MAP kinases and NF-kB and up-regulated expression of kinin B; receptors.

Key results: Treatment with either a-humulene or trans-caryophyllene effectively reduced neutrophil migration and activation
of NF-xB induced by LPS in the rat paw. However, only a-humulene significantly reduced the increase in TNF-o. and IL-18
levels, paw oedema and the up-regulation of B, receptors following treatment with LPS. Both compounds failed to interfere
with the activation of the MAP kinases, ERK, p38 and |NK.

Conclusions and Implications: Both o-humulene and trans-caryophyllene inhibit the LPS-induced NF-xB activation
and neutrophil migration, although only a-humulene had the ability to prevent the production of pro-inflammatory cytokines
TNF-o and IL-1B and the in vivo up-regulation of kinin By receptors. These data provide additional molecular and functional
insights into the beneficial effects of the sesquiterpenes a-humulene and trans-caryophyllene isolated from the essential oil of
Cordia verbenacea as agents for the management of inflammatory diseases.
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Introduction

The use of herbal therapy or alternative medicine constitutes
an attractive approach for the treatment of several inflamma-
tory disorders (see, for review, Calixto et al., 2003, 2004a).
Cordia verbenacea is a native Brazilian medicinal plant belong-
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ing to the Boraginaceae family, which has been widely used in
folk medicine in the form of alcoholic extracts, decoctions and
infusions for its antiulcer, antimicrobial, anti-inflammatory,
antirheumatic, analgesic and tonic properties. The essential oil
of C. verbenacea is composed mainly of mono- and sesquiter-
penes and its major constituents are o-pinene, trans-caryo-
phyllene and aloaromadendrene. Other constituents include
o-humulene, espatulenol, f-gurjunene and epoxycaryophyl-
lene (de Carvalho et al., 2004).

We have previously shown that the essential oil of
C. verbenacea exhibits anti-inflammatory properties, when



given orally, by inhibiting paw oedema caused by carrageenan
and other phlogistic agents such as bradykinin, substance
P, histamine and platelet-activating factor in mice. In
addition, given orally, the essential oil of C. verbenacea
significantly decreases tumour necrosis factor alpha (TNF-«)
levels in carrageenan-injected rat paws. These anti-inflamma-
tory properties were attributed to two sesquiterpene com-
pounds, «-humulene and frans-caryophyllene (Passos et al.,
2007).

Kinins represent a group of biologically active peptides
generated at the sites of tissue damage, either in response to
trauma or infection, or during the majority of inflammatory
processes (Moreau et al., 2005). The role of kinins has been
described in numerous systems and their main pharmacolo-
gical effects consist of smooth muscle contraction and
relaxation, vasodilatation, increase in vascular permeability
and sensitization of nociceptive fibres (Regoli and Barabe,
1980; Leeb-Lundberg et al., 2005). Kinins exert most of their
effects through the stimulation of two different G-protein-
coupled receptors, classified as B; and B, (Regoli and Barabe,
1980). The B, receptor is constitutively expressed in both the
peripheral and central nervous systems, mediating most of the
physiological actions evoked by kinins and exhibiting high
affinity for BK and kallidin. In contrast, the B, receptor shows
higher affinity for the kinin metabolites des-Arg®-BK and des-
Arg'®kallidin and is generally absent under normal condi-
tions, although it may be strongly upregulated following tissue
trauma, during certain inflammatory states or by the action of
proinflammatory cytokines or bacterial products (for example,
Escherichia coli endotoxin) (Regoli and Barabe, 1980; Calixto
et al., 2000, 2004b; Leeb-Lundberg et al., 2005). Inappropriate
B; receptor expression has been associated with some
pathological conditions, including inflammation, pain, ather-
omatous disease, asthma, cancer, septic shock and diabetes
(Calixto et al., 2004b; Leeb-Lundberg et al., 2005).

In a recent paper (Passos et al., 2004), we have described a
model of acute inflammation in which lipopolysaccharide
(LPS) is administered into the rat paw, characterized by paw
oedema, neutrophil recruitment, cytokine production, acti-
vation of nuclear factor-kappa B (NF-xB) and upregulation of
the expression of kinin B, receptors. In the present study, we
examined the anti-inflammatory effects of the sesquiter-
penes o-humulene and frans-caryophyllene, found in the
essential oil of C. verbenacea, by employing this experimental
model. We demonstrate that a-humulene, but not trans-
caryophyllene, reduced the production of cytokines, paw
oedema and the upregulation of kinin B; receptors induced
by local treatment with LPS. Moreover, both compounds
suppressed the LPS-induced neutrophil recruitment and NF-
kB activation, without interfering with the activation of
mitogen-activated protein (MAP) kinases.

Methods

Animals

Experiments were conducted using male Wistar rats (140-
180g) kept in controlled room temperature (22+2°C) and
humidity (60-80%) under a 12:12h light-dark cycle (lights
on 0600 h). At appropriate time intervals, rats were killed by
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isoflurane overdose. All procedures used in the present study
complied with the guidelines on animal care of the UFSC
Ethics Committee on the Use of Animals, which follows the
‘Principles of Laboratory Animal Care’ from NIH publication
No. 85-23.

Measurement of rat paw oedema

The animals received a 0.1 ml intraplantar (i.pl) injection in
the right hind paw of phosphate-buffered saline (PBS;
composition, 137 mM NaCl, 2.7mM KCI and 10mM phos-
phate buffer, pH 7.4) containing des-Arg’-bradykinin (des-
Arg®-BK; 100 nmol per paw). The contralateral paw (left paw)
received 0.1 ml of PBS and was used as the control. Oedema
was measured with a plethysmometer (Ugo Basile, Comerio,
Italy) at several time points (10, 20, 30, 60 and 120 min) after
injection of des-Arg’-BK. The oedema is expressed in
millilitres, as the difference between the right and left paws.
To induce B; receptor upregulation, animals were treated
with LPS (1 ug per paw) 12 h before the injection of des-Arg®-
BK at the same site (Passos et al., 2004).

To assess the possible regulatory effect of the sesquiter-
penes from C. verbenacea on LPS-induced kinin B; receptor
upregulation in vivo, animals were treated orally (p.o.) with
a-humulene or trans-caryophyllene (50mgkg~'), 1h before
LPS treatment. A separate experimental group received the
anti-inflammatory steroid dexamethasone (0.5 mgkg !, sub-
cutaneously (s.c.)) 4h before LPS injection and this group
was used as a positive control (Passos et al., 2004). In a
separate series of experiments, to assess the effect of these
drugs directly on des-Arg®-BK-induced paw oedema follow-
ing Bj-receptor induction, animals were treated with o-
humulene or with trans-caryophyllene (both 50mgkg™",
p.0.) 1h before des-Arg®-BK injection. The B; receptor
antagonist des-Arg®-[Leu®]|BK (100 nmol per paw, 1h before
des-Arg®-BK) was used as a positive control (Passos et al.,
2004). Control animals received saline solution (0.9% NaCl).
The dose of s¢-humulene or trans-caryophyllene used in the
present study was chosen on the basis of previous work
(Passos et al., 2007).

Expression of B; receptor mRNA in the rat paw

To assess the effect of a-humulene or trans-caryophyllene on
B;-receptor mRNA expression, animals were pretreated with
one of these compounds (50mgkg~!), 1h before LPS
injection (1 pug/paw). PBS-injected paws were used as a
control. The s.c. tissue of the paws was collected 6h after
LPS treatment and frozen under liquid nitrogen (Passos et al.,
2004). The samples were homogenized, and total RNA was
extracted using the TRIzol reagent (Life Technologies,
Gaithersburg, Germany). One microgram of total RNA was
reverse-transcribed using oligo(dT) as the primer (25 ygml ')
and 200 U of reverse transcriptase (Life Technologies) in 20 ul
of PCR buffer containing 0.5 mM dNTP, 10 mM dithiothreitol
(DTT), 2.5mM MgCl,, 50mM KCI and 20mM Tris-HCI, pH
8.4. The samples were incubated for 50 min at 42°C, heated
for 15 min at 70°C and cooled using ice. After treatment with
2U of RNase H (20min, 37°C), cDNA amplification of a
specific sequence of rat B; receptor and glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH) was performed by PCR
using the following primers: for B; receptor: sense,
GAAGCTGTGAGCTCTTTG; and antisense, GCCAGTTGAAA
CGGTTCCC; and for rat GAPDH: sense, CCACCCATGGC
AAATTCCATGGCA; and antisense, CCACCTGGACTGG
ACGGCAGATCT. GAPDH cDNA was used for standardiza-
tion of the amount of RNA. Five microlitres of RT aliquots
were mixed in a 20 mM Tris-HCI buffer (pH 8.4) containing
1.5mM MgCl,, 300 um dNTP, Z,ugml’1 of each primer and
50Uml ! of Taq polymerase (Life Technologies) in a final
volume of 100ul. The cycling protocol used was the
following: 4min at 94°C, 36 cycles of 35s at 94°C, 45s at
60°C, 45s at 72°C and finally, 7 min at 72°C. Aliquots of 25 ul
were analysed by polyacrylamide gel electrophoresis and
stained with silver salts.

Neutrophil myeloperoxidase (MPO) assay

Neutrophil recruitment was indirectly measured through
assay of MPO activity. The s.c. tissue of the paws was
collected 12h after LPS treatment and frozen in liquid
nitrogen (Passos et al., 2004). Samples were homogenized in
5% (wv!) ethylenediaminetetraacetic acid (EDTA)/NaCl
buffer (pH 4.7) and centrifuged at 12500¢ for 15min at
4°C. The pellet was resuspended in 0.5% hexadecyltrimethyl
ammonium bromide buffer (pH 5.4) and the samples were
frozen and thawed three times in liquid nitrogen. Upon
thawing, the samples were recentrifuged (12500¢, 15min,
4°C) and 25pl of the supernatant was used for the MPO
assay. The enzymatic reaction was assessed with 1.6 mMm
tetramethylbenzidine, 80 mM NaPO,4 and 0.3 mM hydrogen
peroxide. The absorbance was measured at 690nm and the
results were expressed as optical density per mg of tissue or
per ml of exudate.

Measurement of interleukin-1 (IL-1B) and TNF-o. levels

in the rat paw

The s.c. tissue of the paws was collected 1 or 12h after LPS
treatment for quantification of TNF-o and IL-1p, respectively
(Passos et al., 2004). Samples were homogenized in a PBS
solution containing 0.05% Tween-20, 0.1 mM phenylmethyl-
sulphonyl fluoride (PMSF), 0.1 mM benzamethonium chlor-
ide, 10mM EDTA, 2ugml~! aprotinin A and 0.5% bovine
serum albumin (BSA). The samples were then centrifuged at
3000¢ for 10 min, and the supernatant was stored at —70°C
until further analysis. For the measurement of cytokine
levels, a standard sandwich enzyme-linked immunosorbent
assay technique was used according to the recommendations
of the supplier (R&D Systems, Minneapolis, MN, USA).

Preparation of cytosolic and nuclear extracts

Tissues were homogenized in ice-cold 10mM (4-(2-hydro-
xyethyl)-1-piperazineethanesulphonic acid) HEPES (pH 7.4)
containing 1.5 mM MgCl,, 10 mMm KCl, 1 mM PMSE, 5 ug ml!
leupeptin, 5 ugml ™' pepstatin A, 10 ug ml~* aprotinin, 1 mm
sodium orthovanadate, 10mMm p-glycerophosphate, 50 mm
sodium fluoride and 0.5mM DTT (all from Sigma-Aldrich
Corp., SP, Brazil). The homogenates were chilled on ice for
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15min and then vigorously shaken for 15min in the
presence of 0.1% Triton-X100. The nuclear fraction was
precipitated by centrifugation at 10000¢ for 30min. The
supernatant containing the cytosolic fraction was stored at
—70°C until use. The nuclear pellet was resuspended in
500 ul of high-salt extraction buffer (20 mMm HEPES pH 7.4,
420mM NaCl, 1.5mm MgCl,, 0.2mM EDTA, 25% (vv™')
glycerol, 1mm PMSF, 5ugml™! pepstatin A, 5ugml!
leupeptin, 10ugml~' aprotinin and 0.5mM DTT) and
incubated under continuous shaking at 4°C for 30 min. The
nuclear extract was then centrifuged for 30 min at 10000 g
and the supernatant was aliquoted and stored at —70°C.
Protein concentration was determined using the Bio-Rad
protein assay kit (Bio-Rad, Hercules, CA, USA).

Western blot analysis

Cell lysates (30 ug protein) were boiled in sodium dodecyl
sulphate (SDS) sample buffer for 5 min before electrophoresis
on 12% SDS-polyacrylamide gel. After transfer to polyviny-
lidene difluoride membrane (GE Healthcare, Sao Paulo,
Brazil), the blots were blocked with 5% fat-free dry milk-
TBST buffer (Tris-buffered saline containing 0.5% Tween-20)
for 1h at room temperature and then washed with TBST
buffer. The membranes were incubated overnight at 4°C with
1:1000 dilutions of primary antibodies for extracellular-
regulated kinase (ERK) (sc-94), phosphorylated-ERK
(sc-7976), c-Jun N-terminal kinase (JNK) (sc-571), phos-
phorylated-]NK (sc-6254), p38 MAPK (sc-7149) and phos-
phorylated-p38 (sc-7975-R) (all from Santa Cruz Biotech Inc.,
Santa Cruz, CA, USA). Blots were washed three times with
TBST at 5 min intervals followed by incubation with a 1:5000
dilution of appropriate horse raddish peroxidase-conjugated
secondary antibodies for 1h, after which they were washed
three times in TBST once more. The transferred proteins were
visualized with an ECL detection kit according to the
manufacturer’s instructions (GE Healthcare).

Electrophoretic mobility shift assay (EMSA)

The s.c. tissue of the paws was collected 1h after LPS
treatment and frozen in liquid nitrogen (Passos et al., 2004).
For EMSAs, an NF-xB double-stranded consensus oligonu-
cleotide probe (5’-AGTTGAGGGGACTTTCCCAGGC-3') was
end-labelled with [y-3*P]adenosine triphosphate in the
presence of T4 polynucleotide kinase (10U) for 10min at
37°C. Unincorporated nucleotides were removed by passing
the reaction mixture over a Sephadex G-25 spin column (GE
Healthcare). In a total volume of 20ul, nuclear extracts
(10 ng) were incubated with gel shift binding buffer (10 mM
Tris-HCI (pH 7.5), 1mM MgCl,, S0mM NacCl, 0.5mm DTT,
0.5mM EDTA, 4% glycerol and 1ug of poly(dl-dC)) for
20min at room temperature. Each sample was further
incubated for 30min at room temperature with
25000 c.p.m. of *?P-labelled NF-xB consensus oligonucleo-
tide. Protein-DNA complexes were resolved by nondenatur-
ing 6% acrylamide/bis-acrylamide (37.5/1) in 0.25 x Tris-
borate/EDTA buffer at 150 V for 2 h. Finally, the gel was dried
and exposed to an X-ray film.



Quantitation

All Western blot, EMSA and RT-PCR experiments were
scanned to acquire digital images using a Genius ColorPage
Scanner (KYE Systems Corp., Taipei, Taiwan). Digital images
were processed with the Photoshop software package (Adobe
Systems, San Jose, CA, USA), complying with strict standards
(Rossner and Yamada, 2004). Band density measurements
were made using the Scion Image software package (Scion
Corporation, Maryland, MD, USA).

Statistical analysis

The percentage inhibition in oedema experiments was
calculated based on the area under the curves (AUC). All
the results are presented as mean+s.e.m. The statistical
significance between the group means was assessed by means
of one-way analysis of variance (ANOVA) followed by
Newman Keuls’post hoc test. The accepted level of signifi-
cance for the tests was P<0.05. All tests were carried out
using the Statistical software package (StatSoft Inc., Tulsa,
OK, USA).

Drugs and reagents

The following drugs and reagents were used: E. coli LPS
(serotype 0111:B4), PBS tablets, dexamethasone, pyrrolidi-
nedithiocarbamate (PDTC), EDTA, hexadecyltrimethyl am-
monium bromide, tetramethylbenzidine, DTT, PMSF, HEPES,
BSA, benzamethonium chloride, aprotinin A, leupeptin,
pepstatin A, soybean trypsin inhibitor, o-humulene (purity
98%) and trans-caryophyllene (purity 98%) (all from Sigma-—
Aldrich, St Louis, MO, USA); glycerol (Invitrogen, Carlsbad,
CA, USA); Polyidet P-40 (Polyscience, Warrington, PA, USA);
des-Arg’-bradykinin and des-Arg’-Leu®-bradykinin (Bachem
Bioscience, King of Prussia, PA, USA); NaPO, hydrogen
peroxide, MgCl,, KCl, Tris-HCI, NaCl and Tween-20 (all from
Merck, Haar, Germany). The stock solutions of des-Arg9-
bradykinin, des-Arg®-Leu®-bradykinin, and LPS were pre-
pared in PBS. All solutions were stored in siliconized plastic
tubes, maintained at —20°C, and diluted to the desired
concentration just before use. The other drugs were prepared
daily in 0.9% (wv~') NaCl solution, except for dexametha-
sone, which was diluted in 5% ethanol.

Results

Effect of a-humulene and trans-caryophyllene on des-Arg’-BK-
induced paw oedema

Several studies have shown the ability of LPS to induce B,
receptor upregulation in vivo. As described beforehand
(Passos et al., 2004), the i.pl injection of the selective B,
receptor agonist des-Arg’-BK (100nmol per paw) in naive
animals produced a very weak increase in rat paw oedema
(Figure 1). The mean AUC found in des-Arg®-BK-treated rats
was 8.45+1.15 (n=6). In contrast, the i.pl injection of des-
Arg®-BK in rats that had been previously treated with an i.pl
injection of LPS (1pg per paw, 12h earlier) induced
a significant increase of rat paw oedema, that resulted in a
mean AUC of 32.66+2.21 (n=6; Figure la). To detect any
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possible antagonistic effect of the two compounds from C.
verbenacea on the oedematogenic response induced by the
B, agonist des-Arg’-BK, we treated rats with LPS (12h
earlier) to induce the upregulation of B; receptor and then
with o-humulene (50mgkg™', p.o0), trans-caryophyllene
(50mgkg !, p.o), dexamethasone (0.5mgkg*, s.c.) or des-
Arg’-[Leu®]-BK (B; antagonist, 100 nmol per paw) 1 h before
des—Argg-BK administration (11h after LPS). As shown in
Figure 1la, as expected, the selective B; receptor antagonist
des-Arg’-[Leu®]-BK significantly reduced des-Arg’-BK-in-
duced paw oedema formation. The mean AUC found in
the des-Arg’-[Leu®]-BK-treated animals was 17.37+1.18
(P<0.01; n=6). On the basis of AUC values, the antagonist
caused 55% inhibition of the oedema response. In contrast,
under the same conditions, neither z-humulene (Figure 1a)
nor trans-caryophyllene (Figure 1b) had any significant effect
on the oedema response to des-Arg’-BK. Moreover, the
treatment with dexamethasone completely failed to affect

a 0.4 1 -0~ Saline

—_ -o- LPS + Vehicle
T;' —» LPS + Hum

E 0.3 -8 LPS + DALBK
3

[+

>

% Q.2

=3

£

[

g 0. .

I /A " -t O

o

£

0.0
10 20 30 60 120
Time after injection (min)

0.4 - =0~ Saline
—o— LPS + Vehicle
—— LPS + Car
0.3 -8 LPS + DALBK

0.2

0.1

v,
_____

Increase in paw volume (mL) T

0.0

10 20 30 60 120
Time after injection (min)

Figure 1 Effect of a-humulene or trans-caryophyllene on the
oedematogenic response induced by B; receptor agonist des-Arg®-
BK. Rats pretreated with LPS (1 ug per paw, 12 h prior) were treated
orally with (a) a-humulene (50mg kg , p.o.) or (b) trans-
caryophyllene (50mgkg~"', p.o.) 1h before des-Arg®-BK (100 nmol
per paw) As a positive control, B; receptor antagonist des- Arg -
Leu®-BK (100 ng per paw) was administered 1 h before des-Arg®-BK
(100nmol per paw). Values represent the differences between
volume (in millilitres) of vehicle-injected (0.1 ml of PBS solution) and
drug-injected paws. Each point represents the mean+s.e.m. of six
animals. The experiments were performed on three different
experimental days Hum a-humulene; Car, trans-caryophyllene;
DALBK, des-Arg®-Leu®-bradykinin.
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des-Arg®-BK-induced oedematogenic response, when as-
sessed in this experimental schedule of treatment (results
not shown).

Effect of a-humulene and trans-caryophyllene on LPS-induced
B; receptor upregulation

Next, we investigated the effect of the two sesquiterpenes on
LPS-induced B; receptor upregulation in vivo. For this
purpose, rats were orally treated with «-humulene or with
trans-caryophyllene (50mgkg~!), 1h before LPS i.pl injec-
tion. In this set of experiments, the mean AUC found in
saline-treated rats that received an i.pl injection of the B,
receptor agonist des-Arg’-BK (100nmol per paw) was
8.37+1.22 (n=6). In contrast, the i.pl injection of des-
Arg®-BK in rats that had been previously treated with an i.pl
injection of LPS (1ug per paw, 12h prior) induced a
significant increase of rat paw oedema, that resulted in a
mean AUC of 34.60+3.20 (n=6; Figure 2a). The treatment
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with a-humulene, but not with frans-caryophyllene, signifi-
cantly reduced des-Arg®-BK-induced paw oedema in rats that
had previously received LPS (Figure 2). The mean AUC found
in the o-humulene-treated animals was 22.16+0.97
(P<0.01; n=6). This inhibitory effect was similar to that
obtained for the anti-inflammatory steroid dexamethasone
(0.5mgkg!, s.c.), which resulted in a mean AUC
of 17.794+2.58 (P<0.01; n=6). On the basis of AUC values,
o-humulene and dexamethasone caused 47 and 64% inhibi-
tion, respectively, of the B; receptor upregulation (Figure 2).

A previous study from our group has shown that LPS
induces B; receptor upregulation in the rat paw by a process
which is dependent on mRNA synthesis (Passos et al., 2004).
To gain further insights into the mechanisms involved in the
inhibitory effects of a-humulene on the B; receptor upregu-
lation following LPS injection, we assessed the influence of
this compound on B, receptor mRNA expression by means of
RT-PCR procedures. As shown in Figure 2c, no detectable
levels of mRNA for B; receptor were observed when the assay
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Figure 2 Effect of a-humulene or trans-caryophyllene on LPS-induced B, receptor upregulation. The oedematogenic response induced by B,
receptor agonist des-Arg’-BK was evaluated 12 h after LPS treatment in (a) «-humulene and (b) trans-caryophyllene pretreated rats. Rats were
treated orally with o- humulene (50mgkg~', p.o.) or trans-caryophyllene (50mgkg~", p.o.) 1h before LPS (1 ug per paw) i.pl injection.
Dexamethasone (0.5 mgkg™") was administered 4 h before LPS. Values represent the differences between volume (in millilitres) of vehicle-
injected (0.1 ml of PBS solution) and drug-injected paws. Each point represents the mean+s.e.m. of six animals. The experiments were
performed on three different experimental days. (c) Effect of a-humulene or trans-caryophyllene on levels of mRNA for B, receptors induced by
LPS. Rat paws were collected 1 h after LPS i.pl injection. Dexamethasone was used as a positive control. (Below graph) Quantification of B,
mRNA was normalized by GAPDH mRNA. Each point represents the mean +s.e.m. of three animals. Statistical analysis was carried out using
one-way ANOVA followed by the Newman Keuls’post hoc test. #*P<0.01 compared to saline-treated animals. **P<0.01 compared to vehicle-
treated animals. Hum, a-humulene; Car, trans-caryophyllene; Dexa, dexamethasone.
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was carried out on saline-treated control paws. However, LPS
treatment induced a marked increase in the B, receptor mRNA
levels according to evaluation 1h after injection (P<0.01;
n=23). Treatment with «-humulene, but not with trans-
caryophyllene, significantly reduced the B; receptor mRNA
synthesis by LPS (P<0.01; n=3). The positive control —
treatment with dexamethasone - also significantly reduced
the B; receptor mRNA expression (P<0.01, n=3). These results
indicate that o-humulene prevents LPS-induced B; receptor
upregulation in rats, possibly at the transcriptional level.

Inhibitory effect of a-humulene and trans-caryophyllene

on LPS induced of neutrophil influx

Migration of neutrophils to the rat paws in response to LPS
injection was assessed indirectly by assaying MPO. We have
previously shown that injection of LPS in rat paw induces a
marked and time-related increase in MPO levels, which peaks
at 12h and remains significantly increased for up to 36h
(Passos et al., 2004). Data from Figure 3 shows that MPO levels
were significantly increased in LPS-treated paws in compar-
ison to those of the saline-treated group (P<0.01; n=4) 12h
after treatment. In addition, treatment 1h before LPS with
o-humulene (P<0.01; n=4) or with frans-caryophyllene
(P<0.05 n=4) significantly reduced LPS-induced MPO levels
in the rat paws (Figure 3). The inhibitions obtained for these
compounds were 81 and 38%, respectively. A similar effect
was observed when rats were treated 4h before with
dexamethasone (P<0.01; n=4; inhibition of 89%).

Effects of a-humulene and trans-caryophyllene on LPS-induced
proinflammatory cytokine release

Cytokines are multifunctional molecules that play an
important role in host defence, acute-phase reactions,
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Figure 3 Effect of a-humulene or trans-caryophyllene on LPS-
induced neutrophil migration. Rats were treated orally with
a-humulene (50 mgkg™', p.o.) or trans-caryophyllene (50 mgkg™',
p.o.) 1h before LPS (1 ug per paw) i.pl injection. Dexamethasone
(0.5mgkg™") was administered 4h before LPS. Rat paws were
collected 12 h after LPS. Each point represents the mean t+s.e.m. of
four animals. Statistical analysis was carried out using one-way
ANOVA followed by the Newman Keuls’post hoc test. **P<0.01
compared to saline-treated animals. *P<0.05 and **P<0.01
compared to vehicle-treated animals. Hum, o-humulene; Car,
trans-caryophyllene; Dexa, dexamethasone.

C. verbenacea compounds reduce LPS inflammation
R Medeiros et al 623

immune response and haematopoiesis. Their production is
upregulated by various factors, including LPS. As shown in
Figure 4, only low levels of the cytokines, TNF-o and IL-1p,
were detected in saline-treated paws (control group), but
these were markedly increased at 1 and 12h after LPS
treatment. When administered systemically, «-humulene,
but not trans-caryophyllene, prevented the increase in both
cytokines in response to LPS (P<0.01; n=3), inhibiting the
levels of TNF-o by 100% and those of IL-1 by 55%. A similar
effect was observed in the group pretreated with dexametha-
sone (inhibition of 100 and 88%, for TNF-z and IL-1f,
respectively).

Effects of a-humulene and trans-caryophyllene on LPS-induced
MAPK activation

Recent evidence suggests that MAP kinases play an impor-
tant role in B; receptor upregulation, both in vitro and in vivo
(Calixto et al., 2004b). Thus, it is reasonable to expect that
o-humulene might interfere with the activation of these
signalling pathways. Hence, we first assessed the temporal
profile of LPS-induced activation of ERK, p38 MAPK and JNK
in the rat paw. The data presented in Figure 5a—c indicates
that no activation of ERK and only very low levels of JNK
and p38 MAP kinase activation, was detected under
basal conditions (saline-treated animals). Local (i.pl) treat-
ment with LPS resulted in a marked activation of ERK, JNK
and p38 MAPK. The maximal increase in the phosphoryla-
tion of MAP kinases was reached at 30 min. To our knowl-
edge, this is the first evidence indicating that LPS may lead
to the increased activation of MAP kinases in the rat paw.
Next, we assessed the effects of a-humulene and trans-
caryophyllene on LPS-induced MAP kinase activation. As
shown in Figure S5d-f, neither o-humulene nor trans-
caryophyllene was able to significantly inhibit LPS-induced
MAP kinase activation.

Inhibitory effects of a-humulene and trans-caryophyllene

on LPS-induced NF-xB activation

It is widely characterized that the 5'-flanking region of the B,
receptor gene promoter contains binding sequences for
various transcription factors including NF-xB (Prado et al.,
2002). Thus, we attempted to evaluate the effects of the two
compounds on LPS-stimulated DNA binding of NF-xB in the
rat paw. As reported previously (Passos et al., 2004), NF-xB
activity was detectable at low levels in the nuclear proteins
obtained from saline-treated preparations (control animals).
However, DNA-binding activity was found to be significantly
increased (P<0.01; n=3) in nuclear extracts as early as
1h after local LPS treatment (Figure 6). Of note, LPS-induced
NF-xB activation was markedly inhibited when rats were
treated with o-humulene (P<0.05; n=3) or with trans-
caryophyllene (P<0.01; n=3). The inhibition of NF-xB
obtained with these compounds were 55 and 77%, respec-
tively. Systemic treatment with the NF-«xB inhibitor PDTC
(100 mgkg~; i.p.) also strikingly (70%) reduced LPS-induced
NF-«B activation (Figure 6).
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Figure 4 Effect of a-humulene or trans-caryophyllene on LPS-induced cytokine production. Levels of (a) TNF-o or (b) IL-1/ were measured in
the rat paws after 1 or 12 h of LPS treatment, respectively. Rats were treated orally with ec-humulene (50mgkg ™', p.o.) or trans-caryophyllene
(50mgkg~", p.o.) 1h before LPS (1ug per paw) i.pl injection. Dexamethasone (0.5 mgkg~') was administered 4h before LPS. Each
point represents the mean+s.e.m. of three animals. Statistical analysis was carried out using one-way ANOVA followed by the Newman
Keuls’post hoc test. ##p<0.01 compared to saline-treated animals. **P<0.01 compared to vehicle-treated animals. Hum, z-humulene; Car,
trans-caryophyllene; Dexa, dexamethasone.
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Figure 5 Effect of a-humulene or trans-caryophyllene on LPS-induced MAPK activation. Time-dependent activation of (a) ERK, (b) p38 MAPK
and (c) JNK. Rats were treated with saline or LPS (1 ug per paw) and then the paws were isolated at the time points indicated. Rats were treated
orally with «-humulene (50 mgkg™', p.o.) or trans-caryophyllene (50 mgkg~', p.o.), 1 h before LPS injection and then Western blotting was
performed for (d) ERK, (e) p38 MAPK and (f) JNK. Rat paws were collected 30 min after LPS. (Below: sample Western blots). Quantification of
p-ERK, p-p38 MAPK and p-JNK was normalized by total ERK, p38 MAPK and JNK, respectively. Each point represents the mean+s.e.m. of three
animals. Statistical analysis was carried out using one-way ANOVA followed by the Newman Keuls’post hoc test. ¥P<0.05 and *#P<0.01
compared to the saline-treated group. Hum, o-humulene; Car, trans-caryophyllene.

Discussion and conclusions tributed enormously to the development of important

therapeutic drugs used currently in modern medicine (Cragg
The use of natural products, especially those derived from et al., 1997; De Smet, 1997; Surh et al., 2005). Recently, we
medicinal plants, is a traditional form of providing relief have shown that the essential oil of C. verbenacea displays
from illness. Over the years, natural products have con- marked anti-inflammatory activity, on oral administration,
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Figure 6 Effect of o-humulene or trans-caryophyllene on LPS-induced NF-«xB activation. Rats were treated orally with a-humulene
(50mgkg~", p.o.) or trans-caryophyllene (50mgkg~', p.o.) 1h before LPS (1ug per paw) i.pl injection. The NF-xB inhibitor, PDTC
(100mg kg”, i.p.) was administered 1 h before LPS. Rat paws were collected 1 h after LPS. (a) EMSA and (b) summary of results for NF-xB
activation. Each point represents the mean +s.e.m. of three animals. Statistical analysis was carried out using one-way ANOVA followed by the
Newman Keuls’post hoc test. **P<0.01 compared to the saline-treated group. *P<0.05 and **P<0.01 compared to the vehicle-treated group.

Hum, a-humulene; Car, trans-caryophyllene.

in different models of inflammation, but at the molecular
level, the mechanisms underlying its anti-inflammatory
activity remain unclear (Passos et al., 2007). In the current
study, we have shown for the first time, that oral adminis-
tration of one component of the essential oil from
C. verbenacea, namely «-humulene, but not frans-caryophyl-
lene, prevented LPS-induced rat paw oedema, increase in the
levels of TNF-« and IL-1f8, as well as kinin B; receptor
upregulation in the rat paw in vivo. In addition, both
o-humulene and frans-caryophyllene given orally to rats
were capable of inhibiting neutrophil influx into the
inflammatory site and NF-«B activation, but not ERK, p38
MAPK or JNK activation, induced by local LPS treatment.
In recent years, there has been considerable improvement
in identifying the molecular events that are linked with the
multistage process of chronic inflammatory and pain
conditions. Because of the important relationship between
inflammation and the kinin system, the B, receptor has been
considered as one of the potential targets for development of
drugs for the treatment of inflammatory disorders (Calixto
et al., 2004b; Marceau and Regoli, 2004; Campos et al., 2006).
Evidence exists that the selective blockade of B; receptors
protects animals against inflammatory, infectious and pain-
ful stimuli (Calixto et al., 2004b; Marceau and Regoli, 2004).
In this context, it has been reported that peptidergic and
non-peptidergic selective B; receptor antagonists inhibit des-
Arg®-BK-induced paw oedema and capsaicin-induced ear
oedema in mice, tissue destruction and neutrophil accumu-
lation in the rat intestine following splanchnic artery
occlusion/reperfusion, thermal hyperalgesia induced by UV
irradiation and nociceptive response to formalin in rats, as
well as neuropathic thermal pain induced by sciatic nerve
constriction (Hoffmann et al., 1998; Gougat et al., 2004;
Conley et al., 2005; Ferreira et al., 2005; Porreca et al., 2006).
Our present results show that neither a-humulene nor trans-
caryophyllene displayed a antagonistic effect directly at the
bradykinin B; receptor. This conclusion derives from our
finding that, in contrast to what was observed for the
selective B, receptor antagonist des-Arg’-[Leu®]-BK, «-humu-

lene and trans-caryophyllene completely failed to interfere
with des-Arg®-BK-induced paw oedema formation in rats that
had been treated 11h after LPS injection.

Since B; receptors are not constitutively present under
normal conditions, and bearing in mind the fact that they
might be overexpressed following some inflammatory
stimuli, including LPS, we assessed the possible inhibitory
effect of the two compounds on the upregulation of B;
receptors. Of interest, our data indicated that oral treatment
with «-humulene, but not with trans-caryophyllene, mark-
edly reduced des-Arg’-BK-induced paw oedema when the
rats were treated 1h before LPS injection. In addition,
analysis of the B; receptor mRNA levels in the rat paw
indicated that o-humulene, but not frans-caryophyllene, like
the anti-inflammatory steroid dexamethasone, reduced B,
receptor expression.

The inflammatory response involves a highly complex
interplay between multiple factors at humoral and cellular
levels (Ahluwalia and Perretti, 1999). Exposure to exogenous
bacterial toxins such as LPS stimulates tissue resident cells to
produce inflammatory cytokines, chemokines and adhesion
molecules (Beutler and Rietschel, 2003). Reports regarding
the effects of cytokines on the kinin system have indicated
that certain cytokines, namely IL-1f and TNF-¢, are involved
in the process of B, receptor upregulation in several tissues
and under various conditions, both in vitro and in vivo
(Campos et al., 1999; Passos et al., 2004; Rocha et al., 2005).
Data presented herein confirm and also largely extends this
evidence by demonstrating that «-humulene, but not trans-
caryophyllene, inhibited the increase in the levels of TNF-«
and IL-1p in rat paws treated with LPS. Such increases in
cytokine levels might result in plasma protein extravasation
and cellular infiltration into the inflammatory site (Rosen-
baum and Enkel, 1987; Rosenbaum and Boney, 1991;
Thorlacius et al., 1997; Derevianko et al., 1998; Grutkoski
et al., 1999).

Our previous studies have demonstrated the importance of
neutrophil influx for B; receptor upregulation (Campos
et al., 1999; Vianna et al., 2003; Passos et al., 2004) and our
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present results have revealed that oral treatment of rats with
o-humulene and, to a lesser extent, with trans-caryophyllene,
reduces cellular infiltration into the rat paw. These observa-
tions support the inhibitory properties of «-humulene in
relation to Bj-receptor upregulation by LPS, in both func-
tional and molecular biology approaches. Compared with
o-humulene, frans-caryophyllene displayed only a partial
inhibition of neutrophil migration, as assessed by MPO
activity, which might help to explain its lack of effect on
cytokine production and consequently on kinin B, receptor
upregulation.

LPS is the major component of the outer membrane of
Gram-negative bacteria and the transduction pathways
activated by LPS include MAP kinases and IxB kinase, which
control gene expression through transcriptional factors such
as activator protein-1 and NF-«B (Hwang et al., 1997;
Lawrence et al., 2001; Beutler, 2002; Miyake, 2004). Several
lines of evidence have emphasized the importance of
different members of the MAP kinase family for the
upregulation of B, receptors (Calixto et al., 2004b). In the
present study, we show that i.pl injection of LPS leads to a
time-dependent activation of ERK, JNK and p38 MAPK in the
rat paw. However, both a-humulene and trans-caryophyllene
failed to interfere with this LPS-induced MAP Kkinase
activation.

NF-xB is clearly one of the most important regulators of
proinflammatory gene expression (Karin, 2005). A series of
publications (using both in vivo and in vitro approaches) have
provided convincing evidence of the relevance of NF-«xB for
the upregulation of B, receptor among other inflammatory
proteins (Ni et al., 1998; Schanstra et al., 1998; Campos et al.,
1999; Medeiros et al., 2001, 2004; Sabourin et al., 2002;
Passos et al.,, 2004; El Sayah et al.,, 2006). In fact, the
postulated NF-«B binding site on the promoter for the B,
receptor seems to be mainly responsible for its inducibility in
response to IL-1f, TNF-o and LPS (Ni et al., 1998). In the
present study using EMSA, we have clearly shown that oral
administration of o«-humulene, like that of the NF-xB
inhibitor PDTC, greatly reduced NF-xB activation in the
LPS-treated paws. Surprisingly, a significant inhibition was
also observed when animals were treated with trans-caryo-
phyllene. Although at this stage of our work we cannot
determine the exact mechanism(s) through which these
compounds exert their inhibitory effect in the NF-«xB
activation, it is reasonable to surmise that these compounds
might control the expression of several inflammatory
proteins (for example, COX-2 and iNOS). However, it is
important to mention that although trans-caryophyllene
produced a marked inhibition of NF-xB activation, it was not
able to inhibit B, receptor upregulation, as demonstrated for
o-humulene. It is tempting to suggest that blocking
of multiple cellular pathways is necessary for preventing
B;-receptor induction. Further investigation should provide
additional biochemical data to elucidate the precise anti-
inflammatory mechanisms of trans-caryophyllene.

Overall, the present findings provide consistent evidence
that two compounds from C. verbenacea, «-humulene and
trans-caryophyllene prevent LPS-induced inflammation
through NF-«B inhibition. Additional studies are necessary
to establish the exact anti-inflammatory properties of trans-
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caryophyllene on this process. However, it is possible now to
suggest that «-humulene might constitute a relevant alter-
native for the control of B;-receptor upregulation. Never-
theless, we cannot discard the possibility that other
mechanisms, besides B; receptor modulation, might
contribute to the in vivo anti-inflammatory actions of
o-humulene. Further characterization of candidate targets
for this compound would help to clarify the potential of
these two sesquiterpene natural products, as therapeutic
alternatives for the treatment of inflammatory pathologies,
principally those where B, receptors may be involved.
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